Age is the single most important prognostic factor in the development of many cancers. The major reason for this age-dependence is thought to be the progressive accumulation of oncogenic mutations and epigenetic changes. Similarly, mutagens are thought to be carcinogenic primarily by engendering oncogenic mutations. Yet while the accumulation of heritable somatic changes is expected to augment the incidence of oncogenic mutations, a major effect of increased mutation load is reduced fitness. We propose that the fitness of progenitor cell compartments substantially impacts on the selective advantage conferred by particular mutations. We hypothesize that reduced cellular fitness within aged stem cell pools can select for adaptive oncogenic events and thereby promote the initiation of cancer. Thus, certain oncogenic mutations may be adaptive within aged but not young stem cell pools. We further argue that accumulating genetic alterations with age or mutagen exposure might promote cancer not only by causing oncogenic hits within cells but also by leading to eventual reduction in stem cell fitness, which then selects for oncogenic events. Therefore, initial stages of cancer development may not be limited by the incidence of initiating oncogenic changes, but instead by contexts of reduced cellular fitness that select for these changes.
Introduction
Initiation and progression of cancers can be reconciled in terms of Darwinian evolution [1] [2] [3] [4] . If an oncogenic mutation confers a selective advantage to a mutated cell, this advantage should allow for clonal expansion, initiating the first required step for tumorigenesis. Clonal expansion substantially increases the chances of secondary oncogenic mutations occurring in the cell clone harboring the initiating oncogenic event. If a secondary mutation provides an additional selective advantage, a second round of clonal selection ensues; repeating this cycle can eventually lead to cancer. Thus, cancer progression can be reconstructed from an evolutionary perspective as a number of consecutive mutational changes that progressively increase the selective advantage of the mutated cells.
Age is the largest risk factor for cancer development in mammals. The incidence of many human cancers rises exponentially with age, dramatically increasing after midlife. As a result, more than 80% of human malignancies are diagnosed after 50 years of age [5] [6] [7] . Overwhelming evidence supports the concept of the multistage evolution of cancer involving a series of oncogenic epigenetic changes and mutations leading to oncogene activation or tumor suppressor gene inhibition [8, 9] . Therefore, the prevailing logic linking aging and cancer rates is straightforward: increasing age leads to the accumulation of genomic changes, and since some of these mutations and epigenetic events are expected to be oncogenic, the chance of developing a malignancy should increase with age dependent on the buildup of oncogenic events [10, 11] (see Box 1 for definitions).
Box 1: Definitions for the purposes of our model

Fitness
The capacity of a cell to survive and proliferate relative to other cells competing in the same stem cell niche (i.e. whether representation of the cell clone within the progenitor cell pool increases or decreases). For our model, we are concerned with the fitness of cells with selfrenewal capacity.
Mutation
We will often refer to heritable epigenetic and genetic mutational changes generally as "mutations".
Oncogenic mutations or events
Heritable epigenetic and genetic changes, including the activation of oncogenes or inactivation of tumor suppressor genes, which have the potential to contribute to cancer initiation or progression.
Adaptive mutation
A mutation that provides a cell with improved fitness relative to the population average. Selection for adaptive mutations should become stronger as the fitness of a population declines.
Progenitor cells
Stem and progenitor cell populations with at least some self-renewal capacity, even if not for the life of the organism. To serve as targets for oncogenesis, progenitor cells should possess sufficient self-renewal to allow for the accumulation of additional oncogenic events (unless an early event conferred self-renewal).
Because current views of aging-associated cancer postulate that the progressive accrual of mutations in oncogenes and tumor suppressors account for increased cancer rates, most human cancers are thought to develop over decades [9] . The exponentially increased incidence of most human cancers late in life has led to mathematical models predicting the requirement for 5-7 rare events (mutations) over many years. Prevailing views consider the incidence of oncogenic mutations to be the rate-limiting step in tumorigenesis [12] .
Since achieving a reasonable probability of acquiring secondary oncogenic mutations requires substantial expansion of the mutant clone, and since single oncogenic mutations do not appear sufficient for cellular transformation, initiating oncogenic events capable of generating a tumor may need to occur in stem and progenitor cells that possess substantial self-renewal capacity. From an evolutionary perspective, initiating oncogenic mutations have to provide a positive fitness gain in order to be fixed and trigger clonal expansion. Importantly, this fitness gain is relative to other cells in a population, and for the initial stages of tumorigenesis these other cells are the normal cells occupying and competing for the same niches as the initiated cells. That cells within a progenitor cell population are in competition has perhaps been best studied in Drosophila, where a dominant clone can even actively eliminate competing cells with reduced fitness [13, 14] . Progenitor cells in mammals should also compete with each other for niches, nutrients and growth factors, and at least in an adult, progenitor pools are homeostatically maintained at relatively constant numbers. We would therefore argue that understanding the initial stages of tumor evolution from an evolutionary perspective requires careful consideration of the change in fitness conferred by an oncogenic mutation relative to the fitness of other cells in the same progenitor cell population.
It is often presumed that particular initiating oncogenic mutations invariably lead to clonal expansion once they occur in the appropriate cell type. However, selection of oncogenic mutations appears to be channeled by multiple constraints imposed by the tissue environment [15] . An additional important consideration is that cancer is a rare disease in young, healthy individuals, and thus mammals have clearly evolved robust mechanisms to greatly limit cancer development until old age. We will argue that the high fitness of a stem cell population in a young, healthy individual represents a powerful barrier to tumor development, by creating an environment that is not conducive for selection of oncogenic mutations.
We propose an Adaptive Oncogenesis model whereby declining cellular fitness promotes cancer initiation by selecting for adaptive oncogenic mutations ( Figure 1 ). The fitness of progenitor cell populations is reduced with age as the result of deleterious cell-intrinsic alterations (both genetic mutations and heritable epigenetic changes) and as the result of agerelated changes in the stem and progenitor cell environment. The buffering capacity of cells (eg. via genetic redundancy) and tissues (eg. excess stem cell reserves) should result in a lag in the fitness decline despite accumulating mutations. In our model, declining stem cell pool fitness creates selective pressure for adaptive mutations, which can be oncogenic, increasing the probability of an initial round of clonal expansion which in turn translates into increased cancer incidence late in life. Therefore, the same oncogenic mutation that may be non-adaptive and thus not fixed within a youthful stem pool can become adaptive in an aged stem pool, promoting cancer initiation.
Thus, we argue that the increased incidence of cancer with aging might be limited not only by the incidence of oncogenic mutations, but also by the creation of an environment that is permissive for the clonal expansion of mutant cells. We will build support for this model, which could radically change our understanding of links between aging, mutation accumulation and cancer (see Box 2 for the major points of our argument). Notably, much of the support for our model will be from the reinterpretation of some of the same observations used to support the current model of cancer as the result of the slow progressive accumulation of oncogenic events, including 1) the exponential increased cancer incidence with advancing age, 2) the accumulation of mutations and epigenetic changes with age, and 3) increased cancer incidence resulting from exposure to mutagens or in individuals with DNA repair deficiencies.
Box 2: Major points of our argument 1) A major effect of accumulating mutations and epigenetic changes with age is the reduction of fitness in populations of progenitor cells.
2) Mutations or epigenetic changes in a cell causing phenotypic alterations should rarely be advantageous within a young, healthy stem cell population. Reductions of cellular fitness should increase the selective impact of certain oncogenic mutations, leading to expansion of cell clones with adaptive oncogenic mutations.
3) Cancer may not be limited by the accumulation of oncogenic mutations or epigenetic changes, which occur in susceptible cells throughout our lifetime. Rather, differential selection for these events under contexts of poor fitness (such as in old age) may promote the fixation of oncogenic mutations or epigenetic events in a population. 4) Cancer development may be more rapid than previously thought. Earlier exposure to agents causing genomic damage may predispose to cancer decades later not by directly inducing oncogenic mutations, but by reducing the pool of fit stem and progenitor cells (leading to premature loss of fitness within these pools).
Mutations and epigenetic changes accumulate with age
Over a lifetime, our cells are exposed to DNA damaging products of cellular metabolism and environmental mutagens. Since DNA repair mechanisms possess less than 100% fidelity, this exposure, together with rare replication errors, leads to the accumulation of mutations with age. Indeed, while different experimental approaches produce different estimates of the magnitude of the mutational load, overwhelming evidence supports the idea that mutations do accumulate with age on both chromosomal and gene levels, while the rate of accumulation does not appear to change [16] . Substantial accumulation of mutations has also been reported for mitochondrial DNA [17, 18] .
Moreover, the extent of accumulation of heritable epigenetic changes may far exceed the accumulation of genomic mutations. While DNA methylation patterns are heritable, the replication fidelity of these patterns (ca. 10 −5 error rate for CpG sites) is several orders of magnitude less than that for the replication of the DNA base sequence [19] . Consequently, DNA methylation patterns deteriorate with age [20] . While most CpG sites (which start out mostly methylated) become progressively hypomethylated with aging [21] , hypermethylation of CpG islands in promoter regions (which start out mostly unmethylated) occurs with increased numbers of cell divisions [19] .
Mutations and epigenetic changes reduce average cellular fitness
The most widely accepted idea of the nature of aging is that aging is caused by the accumulation of somatic mutations that decrease the fitness of cells, therefore reducing the fitness of tissues, organs and the organism as a whole [22] [23] [24] [25] [26] [27] . According to the hypothesis known as Muller's Ratchet proposed by Hermann Muller over 40 years ago, an asexual population should inevitably accumulate deleterious mutations, leading to unavoidable, ratchet-like reduction of fitness of the most fit clone, progressively reducing the overall fitness of the population [28] . This hypothesis has been experimentally validated in unicellular organisms: in the absence of recombination populations of microbes exhaust and become extinct or enter a state of senescence [29, 30] .
Muller's ratchet should also apply to somatic cells of multicellular organisms. Accumulating genomic damage with aging should pave a one-way road to decreased fitness. Importantly, decreased cellular fitness is a much more likely outcome for random mutations and epigenetic changes than activation of oncogenes or inactivation of tumor-suppressor genes, as random changes are far more likely to decrease fitness than to produce a trait that can be favored by selection (especially in a highly adapted population) [31] . The applicability of Muller's ratchet is clearly not limited to heritable changes associated with aging. Increased exposure to environmental mutagens or increased mutation rates due to cell-intrinsic factors, such as augmented production of reactive oxygen species or inherited defects in DNA repair efficiency, should lead to similar declines in fitness. Indeed, experimental increases in random mutation load have been reported to cause faster loss of fitness for E. coli, with a strong correlation between the number of mutations and loss of fitness [32] . While direct testing of the applicability of Muller's ratchet to somatic cells of multicellular organisms is difficult, it has been demonstrated that increased mutation rates result in a competitive disadvantage for hematopoietic stem cells (HSC) [33] [34] [35] , arguing that increased mutational load results in fitness reductions in mammalian progenitor cells.
Decisions that determine cellular fate, such as those controlling proliferation, differentiation, and stem cell maintenance, are governed by sophisticated intracellular circuitry including the orchestrated expression of hundreds of genes. Therefore, accumulation of random mutations and epigenetic changes in coding and regulatory sequences are expected to alter the fine-tuning of this regulation. One consequence of random genomic alterations might be the reported increase in cell-to-cell variation in gene expression [36] ; while the average level of expression within the population for any given gene does not change significantly, variability increases. As increased cell-to-cell variability in gene expression can be recapitulated by treatment of cells with hydrogen peroxide, the authors postulate that accumulating genomic damage with age disrupts nuclear architecture and patterns of gene expression [36] . Others have also suggested that "noise" in gene expression patterns could reduce cellular fitness [37] . DNA damage and the resulting repair, both during aging and following genotoxic exposures, can also modify epigenetic programming and nuclear architecture, leading to altered gene expression [38] . While some have speculated that age related methylation changes may lead to altered expression of tumor suppressor genes and oncogenes, leading to the selection of hyperproliferative clones and cancer [21] , we instead argue that stochastic epigenetic changes will be more likely to decrease cellular fitness, as random unselected change tends to be disadvantageous.
Still, mutations in many genes important for cellular function can be surprisingly tolerated, due in part to a diploid genome. Moreover, compensatory pathways can sometimes assume the functions of a missing component. Therefore, while random mutations and epigenetic changes occur from the beginning of life, this plasticity may allow for maintenance of high organismal fitness through a sufficient age to allow for reproductive success. However, when too many components are altered or disabled, the buffering capacity of this plasticity becomes exhausted, and as a result, cellular fitness drops ( Figure 1 ).
The fitness of stem cell populations might also be reduced as a result of alterations in their niche. Accumulating genomic damage should impair the normal function of cells and tissues that constitute the stem cell microenvironment. Indeed, aging is associated with substantial changes in the architecture of most tissues [39] . Extensive telomere shortening, normally associated with aging, has been shown to diminish lymphopoiesis and HSC function non-cell autonomously by altering the bone marrow environment [40] . Thus, even if stem cells themselves manage to preserve genetic/epigenetic integrity, they will remain adapted to an environment that no longer exists, while their adaptation to the aged environment is suboptimal. Conversely, rejuvenation of the environment might result in restoration of stem cell fitness. Indeed, serum from young animals or transplantation into a young host can rejuvenate muscle stem cells from old rodents [41, 42] , highlighting the importance of non-cell autonomous influences of aging on stem cells.
Mutations or epigenetic changes in a cell causing phenotypic alteration should not be advantageous within a fit cell population
Initiating oncogenic mutations are often presumed to provide a selective advantage should they occur in the relevant progenitor cell type. We would argue otherwise. As multicellular organisms with long life-span have been evolving under selective pressure to prevent tumorigenesis, the majority of oncogenic mutations that have the potential to promote rogue expansion should be coupled to a fitness disadvantage. Indeed, most oncogenic mutations that stimulate cellular proliferation engage powerful intrinsic tumor suppressor mechanisms, such as by activating programs of apoptosis or senescence [43] .
Stabilizing selection as a tumor suppressive mechanism-We argue that oncogenic mutations may also engage an additional powerful inherent tumor suppressor mechanism that causes a mutant cell to lose its stem-cell properties and therefore to be eliminated from the stem cell pool. The inherent organization of stem cell niches with complex regulatory interactions (including contacts with other cells, the extracellular matrix and diffusible factors) creates a very tight set of requirements for stem cell maintenance. From analyzing intra-and inter-species variation in gene expression patterns, multiple studies indicate that stabilizing selection greatly constrains gene expression divergence (i.e. changes in gene expression frequently reduce the fitness of the organism) [44] . Stabilizing selection is the evolutionary principle whereby large changes in an organismal trait are selected against, limiting genetic diversity [45] . As described above, gene expression becomes more variable with age. We propose that the complex organization of stem cell niches drives strong stabilizing selection that renders the wild-type phenotype to be the most adapted, thereby ensuring that most initiating oncogenic mutations bring about fitness decline (Figure 2, top panel) . Even if an oncogenic mutation provides both strong proliferative and survival advantages, but fails to meet all of the strict requirements for remaining in the niche, such a mutation will most likely be lost from the stem cell niche. For example, while deletion of the PTEN tumor suppressor gene in adult HSC stimulates their proliferation, PTEN loss also leads to HSC depletion via cell-autonomous mechanisms [46, 47] . Similarly, overexpression of the c-Myc oncogene in HSC induces proliferation, but leads to loss of self-renewal activity presumably due to disrupted adhesion within the niche [48] . Some level of stem cell quiescence appears required for maintenance in the stem cell pool [49] . Thus, the complicated niche requirements of stem cells should represent a potent tumor suppressor mechanism, in that stem cells are highly adapted to their niches in a young healthy individual, minimizing selective pressure for heritable adaptive changes.
Reduction in cellular fitness should select for oncogenic mutations-We have thus far argued that accumulating heritable changes will lead to reduced stem cell fitness. But why should reduction in cellular fitness lead to selection of clones with oncogenic mutations? One consequence of alterations of the fine-tuned cellular circuitry might be loss of normal responsiveness to proliferation signals. For example, aged B cell progenitors display dramatically reduced proliferation in response to interleukin-7 stimulation [50] . One can easily envision how in such a scenario oncogenic events that confer partial independence from growth factors might result in a net increase in fitness compared to a scenario of normal responsiveness to growth stimuli. In addition, decreased stem cell fitness and consequent inadequate production of mature progeny are also expected to result in increased homeostatic demand, leading to higher levels of pro-survival growth factor signaling and thereby increasing thresholds for triggering apoptosis or senescence by oncogenic mutations.
Likewise, multiple reports have demonstrated increases of apoptosis with aging [51] , which could lead to selection for oncogenic mutations that confer resistance to apoptosis, such as p53 mutation. The idea that impaired survival associated with aging might select for particular oncogenic mutations is analogous to the idea that carcinogen and chemotherapeutic exposures select for particular oncogenic mutations. Seventy years ago Haddow proposed that carcinogens may promote cancer by inhibiting cell proliferation: "the production of cancer by such physical agents is a reaction by which the cell emancipates itself from their inhibitory effects" [52] . More recently, others have proposed that carcinogenic treatments may create strong selective pressure for oncogenic mutations, thereby initiating tumorigenesis [53] [54] [55] . Finally, another group has suggested that decreased cellular proliferation with aging could favor the expansion of cancer cells [56] .
We would therefore argue that reductions in cellular fitness that result from aging or mutagen exposure might tilt the balance between negative and positive fitness effects of oncogenic mutations, leading to increases in the net positive selective advantage for particular mutations ( Figure 2 , middle panel), thereby allowing for an increased probability for the clonal expansion of mutated cells that would typically not occur in young fit populations. Stabilizing selection would not be limited to stem cell pools with intrinsic damage accumulation, as degradation of the stem cell niche should also select for potentially oncogenic genetic changes conferring adaptation to the altered niche (Figure 2, bottom panel) . In other words, when cellular fitness is reduced as a result of cell-intrinsic changes or changes in the environment, the stem cell population no longer possesses maximal fitness and certain oncogenic mutations have an increased chance of being adaptive and hence advantageous.
But what about cancers in children, which though rare, still do occur? We would speculate that any given oncogenic event will have some probability of being clonally expanded within a progenitor cell population, possibly being fixed. We propose that as the fitness of the progenitor population declines, that this probability will increase but only when the oncogenic event is adaptive to that context of reduced fitness. Thus, cancer can be initiated in a young individual with generally fit progenitor populations, but we argue that this initiation is more common in old age due to the greatly increased chance that an initiated cell will be adaptive and competitively expand. Furthermore, animal models involving large numbers of initiating events could still successfully generate cancer, particularly for transgenic and knockout models where all cells in a tissue possess the oncogenic event, as the fixation of the event has already occurred (even if the oncogenic event would normally exhibit a small probability of fixation in a more competitive context).
Childhood leukemias may nonetheless represent a unique scenario, particularly for hematologic malignancies bearing particular oncogenic translocations that contribute to childhood leukemias but rarely adult malignancies [57] . Many translocations that cause early childhood leukemias are already detectable in peripheral blood at birth [57] . If an oncogenic mutation occurs in a hematopoietic stem or progenitor cell during fetal development, the mutant clone could undergo substantial clonal expansion even if the fitness gain is neutral or negative (as long a the mutation is not highly deleterious), owing to the dramatic expansion of the progenitor cell population. Thus, even when the expansion of a mutant clone with negative fitness gain is lower than the expansion of competing "wild-type" clones, this expansion might still be sufficient to substantially increase the probability of secondary malignant events. An analogy can again be drawn from evolutionary biology: there are contexts when natural selection appears to be temporarily suspended, such as when a colonizing population finds abundant resources and minimal competition [58] . Nonetheless, we recognize that there may be other explanations for cancer initiation in childhood that do not relate to relative progenitor fitness.
While Natural Selection has been proposed to be the major driving force in both early and late stages of tumorigenesis [59, 60] , current paradigms consider the incidence of oncogenic mutations (including initiating mutations) to be rate-limiting in tumorigenesis. In contrast, we argue that intrinsic tumor suppressor mechanisms as well as stabilizing selection create powerful barriers to cancer initiation, in most cases preventing clonal expansion of oncogenically initiated cells. In order for cancer to arise, these barriers must be breached. Breaching may occur when fitness gain resulting from an oncogenic mutation outweighs the disadvantages coupled to the mutation. Therefore, we speculate that conditions that increase the selective advantage of initiating oncogenic mutations, including reduced fitness of stem cell populations, might be the rate-limiting step for many cancers. It should be noted though that while the occurrence of initiating oncogenic mutations might typically not be a ratelimiting step in the initial stages of cancer development, the situation might change in later stages of tumor development. Following sufficient clonal expansion of oncogenically initiated cells under permissive conditions, selective pressures for additional oncogenic events that counteract intrinsic tumor suppressor mechanisms (such as apoptotic sensitivity) or that provide an advantage in the face of hypoxia (or other features of a growing tumor) may become inevitable. Thus, with progressive tumor development, the occurrence of oncogenic mutations that might relieve these pressures may become rate-limiting in cancer evolution.
Evidence used in support of the occurrence of oncogenic mutations as limiting cancer initiation is also compatible with reduced cellular fitness being the primary driver of tumor initiation Does carcinogenic exposure lead to cancer by directly causing oncogenic mutations, or by reducing cellular fitness which subsequently selects for oncogenic changes?-Links between aging, exposure to mutagens, smoking, ionizing radiation and increased cancer incidence have been used as support for the theory that tumorigenesis is driven primarily by enhancing frequencies of oncogenic mutations [9] . For example, the 20-30 year lag between increases in smoking in the United States and the onset of lung cancers has been used to argue that the evolution of cancer from initiating oncogenic mutations requires several decades for the progressive accumulation of additional growth deregulating mutations [9, 61] . Similarly, ionizing radiation is an established breast cancer risk factor, but with a more than a 10 year lag period between exposure and increased cancer risk [62, 63] ; again ionizing radiation is presumed to be the instigator of initiating mutations. Exposure to ionizing radiation can also increase the risk of chronic myelogenous leukemia (CML) but the disease usually occurs after a prolonged latency of 4-11 years [64] . Increased cancer risk is thought to be mediated by the introduction of initiating mutations that drive initial clonal expansion, with eventual accumulation of secondary events. However, as mutagenic exposures are expected to reduce stem cell fitness, we would argue that the occurrence of oncogenic mutations might be insufficient to initiate the cancers, and that both the presence of initiating oncogenic events and reductions of fitness that enables selection of these mutations might be required for oncogenesis. Importantly, fitness decline need not be immediate, but irradiation or other mutagenic insults may sap part of the stem cell reservoir, such that fitness decline will be accelerated or premature (Figure 3 ). Declining fitness in stem cell pools would then provide selective pressure for adaptive mutations, driving clonal expansion of preexisting mutants or mutants introduced with mutagenic exposure.
Impaired stem cell fitness in individuals with DNA repair deficiency could contribute to increased cancer rates-Accelerated aging and dramatically increased cancer rates are often observed in mice and humans with inherited mutations that disable DNA repair pathways [16, 65] . Conversely, conditions that extend life-span (such as caloric restriction) are associated with decreased mutation load and reduced incidence of cancers [66] [67] [68] . These observations have been used to both support the role of mutation accumulation in aging and the importance of accumulating mutations in critical proliferation control genes as the key determinants for cancer [69, 70] . But a higher mutation load should also exhaust stem cell fitness more rapidly, leading to faster and greater mounting selection for adaptive mutations, some of which will be oncogenic ( Figure 3) . Indeed, decreased cellular fitness is evident in individuals with DNA repair or damage recognition deficiencies [69] . For example, ataxia-telangiectasia mutated (ATM) gene deficient mice exhibit highly defective hematopoiesis in general and T lymphopoiesis in particular [70, 71] , coinciding with a high risk for the development of T cell lymphomas. Thus, in our model, accumulating genomic damage contributes to both premature aging and cancer through the same mechanism: reduction of cellular fitness. Of course, our explanation need not be incompatible with increased chances for oncogenic mutations resulting from elevated mutation rates also contributing to higher cancer rates. But while oncogenic mutations are certainly required for initiation of cancer, without reductions of fitness or other mechanism to select for the expansion of oncogene bearing clones, these oncogenic events should not be sufficient to drive clonal expansion with consequent increased cancer risk.
Cancer: gradual evolution or delayed-accelerated origin?-Another implication of our model is that cancer development may not be as gradual as previously thought. If selection for initiating adaptive oncogenic mutations is more important for cancer evolution than the rate of oncogenic mutations themselves, then cancers may develop relatively rapidly late in life as the result of a lifetime of accumulating genomic damage leading to reduced stem cell fitness (Figure 4) . Environmental or genetic factors that increase genomic damage would accelerate fitness decline, and thus promote the adaptive evolution of cancers. This delayed-accelerated model does not imply that oncogenic mutations can never persist for long periods of time or that cancer evolution is always rapid, but that as stem cell fitness declines in old age, the selective pressure for adaptive oncogenic mutations will be much greater than in youth, typically leading to much more rapid evolution of cancer (in years instead of decades). Thus our hypothesis would predict substantial increases in oncogenically-initiated clonal expansions in aged individuals.
Evidence that clonal expansion of oncogenically mutated cells result from permissive conditions
While the evidence presented above is consistent both with the classical view of tumorigenesis as being limited by oncogenic mutations as well as our model of adaptive oncogenesis, distinguishing between the two possibilities requires the introduction of oncogenic events into a small fraction of a progenitor cell population, with subsequent analysis of the competitive expansion of this population under different fitness contexts. Using this approach, we have shown that genetic or pharmacological inhibition of the proliferation of hematopoietic progenitor cells creates selective pressure for oncogenic mutations which restore cell cycle progression [72] . In particular, impairing DNA replication either by hydroxyurea treatment or E2F mutation dramatically enhances the competitive advantage provided by the expression of Bcr-Abl, a chromosomal translocation necessary for the initiation of CML and some acute lymphoblastic leukemias. The preferential expansion of Bcr-Abl expressing cells when DNA replication is inhibited leads to substantially increased leukemia rates in mouse models. In contrast, Bcr-Abl expression is rarely selected for in a healthy progenitor pool, preventing leukemia in most cases. Thus, reductions in DNA replication result in reduced progenitor cell fitness, and Bcr-Abl is adaptive in this context by restoring S phase progression. Our more recent studies indicate that aged hematopoiesis similarly promotes leukemias initiated by BcrAbl by impairing progenitor cell fitness (Marusyk and DeGregori, unpublished data). Importantly, introduction of young progenitors can reverse the increased leukemia incidence caused by Bcr-Abl expression in old progenitors, suggesting that reduced competitiveness of aged progenitors can contribute to aging-associated increases in leukemias.
Furthermore, multiple reports support the idea that the occurrence of oncogenic mutations within tissues far outpaces the incidence of cancers thought to be initiated by these oncogenic events. For example, expression of Bcr-Abl is detected at very low levels in >30% of asymptomatic humans for protracted periods of several months to years [73, 74] , while the incidence of spontaneous disease is about 1:100,000. Although it could be rationalized that the detection of Bcr-Abl comes from cells devoid of long-term proliferative capacity, kinetic data considerations favor the explanation that Bcr-Abl translocation in human HSC is not sufficient to cause CML [75] . Our model would suggest that induction of CML may be limited not by the Bcr-Abl translocation (albeit certainly dependent on it), but instead stem cells with BcrAbl translocations are usually only clonally expanded within an aged or otherwise poorly fit pool. While bone marrow progenitors retrovirally transduced with Bcr-Abl can cause rapid leukemia development in recipient mice, leukemia induction requires high efficiency transduction [53, 76, 77] . Thus, even if any given Bcr-Abl expressing progenitor has a low probability of initiating leukemia, transfer of a large number of these Bcr-Abl + progenitors can lead to leukemia. Moreover, hematopoietic reconstitution after bone marrow transplant may itself promote leukemia, given the massive expansion of progenitors required and the at least temporary paucity of competition.
Cell clones with mutational or epigenetic inactivation of the PTEN or INK4A tumor suppressor genes are commonly found in histologically normal endometria and breast (respectively) of cancer free women [78, 79] , far outpacing the incidence of cancers in these tissues, suggesting that at least these initial oncogenic events are not rate limiting. As INK4A gene expression increases in aged tissues, and disruption of INK4A in mice results in some restoration of the regenerative capacity for particular tissues [80] [81] [82] , inhibition of INK4A may be selected for in aged tissues. Reduced fitness independent of age may also be important. For instance, Maley and Reid [60] have suggested that premalignant esophageal clones with INK4A loss may be selected by the abnormal environment due to gastric reflux. Importantly, while frequent observations of mutant cell clones might be viewed as evidence for selective advantage conferred by the oncogenic alteration, given that these clones largely consist of differentiated cells, they could also represent differentiated progeny of oncogenically altered stem cells for which the heritable alteration did not provide a sustained advantage within the progenitor pool.
Zarbl and colleagues [83] showed that the carcinogen N-nitroso-N-methylurea induced mammary tumors arise from cell clones with pre-existing oncogenic H-Ras mutations. Thus, this carcinogen appears to promote breast tumors not by inducing oncogenic mutations in HRas, but perhaps by promoting the expansion of cells with pre-existing H-Ras mutations. Similarly, studies of ultraviolet (UV) light exposed and non-exposed human and mouse skin have argued that UV light exposure increases the numbers and size of p53 mutant clones [84, 85] . Although disputed by others [86] , Rodin and Rodin [87] have argued that smoking induced physiological stress selects for cells with p53 mutations, rather than p53 mutations being directly induced by the mutagenic qualities of cigarette smoke. Moreover, similar frequencies of allelic loss (including of tumor suppressor genes) were detected in histologically normal and abnormal bronchial epithelial biopsies from both current smokers and former smokers, despite the significant decrease in the incidence of lung cancer in the former smokers [88, 89] . Following the logic of our model, continued smoking may further reduce the fitness of lung epithelial progenitors, promoting continued expansion of preneoplastic clones with adaptive mutations. Of course, smoking may also increase mutation rates, leading to increased chances for additional oncogenic mutations in addition to impacts on cellular fitness.
These studies and the lack of solid evidence demonstrating carcinogen induced mutations (with notable exceptions such as following UV light exposure), have led to proposals that carcinogens may select for preexisting oncogenic mutations, such as by stimulating the growth of preneoplastic lesions (i.e. by "promotion") [55, 90, 91] .
The complex relationship between aging, carcinogen exposure and cancer
While we argue that an aged environment primarily promotes tumor initiation by decreasing the fitness of stem cell populations, there is evidence that an aged environment can positively promote malignant growth. For example, liver carcinoma cells transplanted into livers of young rats differentiate into hepatocytes; in contrast, when the same cells are transplanted into livers of old animals, these cells produce tumors consisting of undifferentiated cells [92] . In fact, agerelated changes in tissue environment substantially affect carcinogen induced tumorigenesis in many rodent model systems [93] . Moreover, one of the consequences of aging is the accumulation of senescent cells in many tissues [94] [95] [96] , and senescent cells secrete a number of active molecules that can promote tumor growth [97, 98] . Finally, given that chronic inflammation is a well-established tumor promoter [9, 99] , persistence of chronic inflammation in aged individual might be an additional factor driving tumorigenesis.
We have further argued that carcinogenic insults promote cancer at least in part by creating conditions that facilitate clonal expansion of cells with preexisting oncogenic mutations, by increasing the selective advantage of these mutations. Our hypothesis does not challenge the idea of mutagens directly causing oncogenic mutations. Indeed, carcinogenic exposure has been demonstrated to directly result in oncogenic mutations, at least in some contexts, as evidenced by the distinct mutational spectra apparent in the p16 Ink4a and p53 tumor suppressor genes in melanomas and skin cancers, respectively, consistent with UV light induced mutagenesis [100, 101] . Thus, while UV light could potentially promote the clonal selection of cells with p16 Ink4a and p53 mutations, the mutagenic effects of UV light directly on these tumor suppressor genes also contributes to skin carcinogenesis. Still, given that mutagenic exposure inevitably results in reduced cellular fitness, and that the bulk of the evidence used to support the rate-limiting role of initiating oncogenic events is equally consistent with the reduction in cellular fitness playing a crucial role, we would argue that the latter alternative should be given equally thorough consideration as the former one.
Conclusions
We have proposed that accumulation of genomic damage and epigenetic changes occurring naturally with age or following exposure to environmental mutagens leads to reduced cellular fitness in stem cell pools, creating selective pressure for the adaptive oncogenic mutations required for cancer evolution. We do not claim that reduced cellular fitness is the only explanation for increased cancer incidence observed in aged individuals. But we do argue that our Adaptive Oncogenesis model is at least as consistent with the available data to explain rising cancers with age as the current paradigm that the progressive accumulation of oncogenic hits limits cancer initiation. Clearly, experiments are required in order to distinguish between the two possibilities, although conclusions will be complicated by the fact that genotoxic agents lead to both increased oncogenic mutations and reduced cellular fitness. Given that cancer is not one disease, it would not be surprising if different mechanisms predominate for different cancers, with impaired progenitor fitness important for particular classes of cancers, declining immune surveillance influencing another subset, the occurrence of initiating oncogenic mutations limiting the development of yet another class, and increased inflammation with age contributing to others. Then again, all or some of the mechanisms could act in concert to contribute to the evolution of any given cancer, which may make our jobs as researchers trying to understand cancer all the more challenging. In this model, conditions that reduce cellular fitness (such as aging or mutagen exposure) within progenitor cell pools select for adaptive mutations which can be oncogenic. When mutations and epigenetic changes accumulate to the point where the buffering capacity of the progenitor cell pool is exhausted (denoted by dotted line), the fitness of the population will begin to decline. Declining fitness will then increase selective pressure for adaptive oncogenic mutations that in turn promote cancer initiation. Note that the shape of the fitness curve is hypothetical and not based on data or mathematical modeling. Top: A young, fit progenitor cell pool (solid curve) should possess traits that confer close to the optimal fitness for cellular maintenance in that pool. The dashed curve describes the relationship between trait and fitness. Oncogenic and non-oncogenic mutations that change the trait (mutations A and B) will tend to move the cell away from the optimum towards lower fitness. Middle: In contrast, the same oncogenic mutations in a low fitness pool may become adaptive, such as by promotion of signaling in a signaling deficient background. The low fitness pool is represented by a solid curve. In this example, the average trait value is reduced, and fitness is now limited by the trait level. In this low fitness pool, oncogenic mutations that increase the intensity of the trait become adaptive, leading to net improvement in fitness relative to the population average. Bottom: Likewise, following degradation of the stem cell environment (without necessarily directly damaging the stem cells), the relationship between trait and fitness is altered (dashed curve shifted right), and now the wild-type stem cell phenotype no longer confers optimal fitness, causing certain oncogenic mutations to become adaptive. Inherited or environmental conditions that increase mutation rates should accelerate fitness decline in progenitor cell populations, leading to more rapid and penetrant development of cancer (top right). On the other hand, reducing mutation rates should help maintain progenitor cell fitness, decreasing the selective pressure for adaptive mutations and cancer development (bottom right). Increasing mutation rates should also increase the chance of a cell acquiring an initiating oncogenic mutation, but we argue that clonal expansion of an initiated cell is usually limited by selection rather than oncogenic mutation. Left: A simplistic interpretation of the prevailing view of cancer evolution as the gradual accumulation of rare oncogenic events over decades. Earlier exposure to carcinogens would increase the incidence of later cancers by providing initiating oncogenic mutations. Right: The delayed-accelerated model. A lifetime of accumulating genomic damage leads to the eventual reduction of stem cell fitness, providing selective pressure for adaptive oncogenic mutations. As selection does not occur until stem cell fitness has declined, cancer evolution occurs late in life and over a relatively short time period. Cancer may also rapidly evolve long after carcinogen exposure, facilitated by reduced fitness in stem cell pools set in motion by these genotoxic insults decades earlier. The delayed-accelerated model is analogous to the theory of Punctuated Equilibrium for species evolution championed by Eldredge and Gould [102] .
